Abstract. 2D shallow water equations with depth-averaged k − ε model is considered. A meshless method based on multiquadric radial basis functions is described. This methods is based on the collocation formulation and does not require the generation of a grid and any integral evaluation. The application of this method to a flow in horizontal channel, taken as an experimental device, is presented. The results of computations are compared with experimental data and are found to be satisfactory.
Introduction
Areas of modelling of turbulence in shallow water flows has not been treated so extensively as some other fluid dynamics. Some depth averaged turbulence models have been proposed for the 2D-Shallow Water Equation (2D-SWE) [7] . These models are derived from well known Reynoldsaveraged Navier-Stokes (RANS) turbulence models, including the effects of bed friction in the turbulence field. Special mention should be given to the depth averaged k − ε model proposed by Rastogi and Rodi in 1978 [5] , which was the first depth averaged two-equation eddy viscosity model, and it is still the most commonly used with the 2D-SWE when turbulent effects are included in the computation. J. Fe et al. [2] studied a finite volume turbulence model for the resolution of the two-dimensional shallow water equations with turbulence term, a comparison between k −ε model and some experimental results is made. In this paper, a meshless method based on multiquadric radial basis functions approach is used to solve the 2D-SWE coupled to the two depth-averaged turbulence model. Obtained numerical results are compared with the experimental data given in [2] to validate the approach used.
Governing equations, closure model
The two-dimensional shallow water equations (2D-SWE) are obtained from the three-dimensional Navier-Sokes equations by means of an average in time, and integration in depth and some simplifying hypothesis [7] , the most important of which is the hydrostatic pressure distribution, since the vertical length scale is much smaller than the horizontal one. The coefficient ν t in the turbulent term of the 2D-SWE represent the eddy viscosity of a whole vertical column of fluid. To determine this viscosity different turbulence model can be used. One of them is the well-known k − ε model, in which k and ε are, respectively, the turbulence kinetic energy and the dissipation rate per unit mass. The 2D-SWE are obtained from a depth integration, therefore it seems reasonable to use the two-dimensional depth-averaged version of the k − ε model, in this model the eddy viscosity is calculated by ν t = c µ k 2 ε . Hence the two-dimensional shallow water equations with the depth-averaged turbulence model can be expressed as
where Φ, F , G, E are vectors given as below
Here x and y are the horizontal coordinates, t is the time, h = h(x, y, t) is the instantaneous total depth of water, u = u(x, y, t) is the depth-averaged velocity in the
is the depth-averaged velocity in the y direction. S 0x and S 0y are the bottom bed slopes defined by :
, z f being the bed elevation. S f x and S f y correspond to the bottom friction slopes, which are approximated by the Manning formula
, where n is the Manning roughness coefficient, g is the gravitational acceleration. The Coriolis and the stresses terms have been neglected. The reason is that the Coriolis term has little significance when applied to small domains and the wind term influence is not relevant in some situations such as indoor laboratory channels. k and ε are respectively the average of the kinetic turbulent energy and the average of its dissipation rate, ν t is a turbulent eddy viscosity, computed from the k − ε turbulence model, and
h ,
where P h is the production of k due to interactions of turbulent stresses with horizontal meanvelocity gradients. P k and P εv are the productions of k and ε due to vertical velocity gradients and are related to the friction velocity u * , which calculated from the so-called law of the wall and τ w is the wall stress, ρ ω is the density of water. 
Radial basis functions approach
The theory of radial basis functions approximation have been discussed comprehensively in [1] . The principal idea of the radial basis interpolation is to interpolate a finite series of an unknown function f (X) at N distinct points X j on Ω by the following expansion
where ϕ( X -X j ) is the radial basis function, X j ∈ R 2 , j = 1, 2, ..., N , X -X j = r j is the Euclidean distance and X = (x i , y i ), X j = (x j , y j ), and α j 's are the unknown coefficients to be calculated at each time step. The most popular RBFs are multiquadric (M QRBF ) [4] , ϕ(r j ) = (r
= (x i − x j ) 2 + (y i − y j ) 2 + c 2 are infinitely smooth functions, c = 0 is the shape parameter controlling the fitting of a smooth surface to the data [3] . To solve the two-dimensional time-dependent differential equations given by equation (2.1), it is integrated in time using forward difference scheme given as
where ∆t is the time step, Φ n i is the numerical solution vector at points (x i , y i ) in time n∆t. The values of the interpolant Φ n are given by the following M Q radial basis function .2) with given boundary conditions. Finally, the time step ∆t = t n+1 − t n is estimated by the Courant-Friedrichs-Lewy condition [6] 
where d min is the minimum distance between any two adjacent collocation points and C is the Courant number set to be less than unity to ensure the stability of the scheme. Before presenting the numerical results let us discuss the boundary conditions. At the inlet and outlet the usual conditions for the hydrodynamic equations are applied (see [2] and references therein). If the flow is subcritical, the discharge at the inlet and the depth at the outlet must be imposed. For the k − ε process, the most adequate inlet condition would be of Dirichlet type, measuring k experimentally and obtaining ε from other turbulent quantities, conditions very common in the literature [2] have been adopted for the wall and outlet sections, they are of Dirichlet-type at the walls and of Neumann-type at the outlet, for more details see [2] .
Numerical results and experiment validation
The experimental device consisted of a horizontal channel made of glass with a sudden expansion. The dimensions of this device are indicates in Figure 1 . The experimental data were obtained at the Hydraulics Laboratory of Civil Engineering School of A Coruna (Spain) [2] .
As shown in Figure 2 M QRBF method and experimental data of the water velocity u and turbulent kinetic energy k at sections x 1 = 1.53m, x 2 = 2.03m, x 3 = 2.53m are presented in Figures 3, 6. Figures 4, 5 show respectively the experimental data of the velocity field and streamlines and the obtained numerical results using the two-dimensional shallow water equations with depth-averaged turbulence model. The velocity vectors and streamlines obtained are very close to the experimental measurements.
Conclusion
The two-dimensional shallow water equations with depth-averaged turbulence k − ε model has been described. A global multiquadric radial basis functions method was applied to solve the resulting model. Since it is a meshless method its implementation is simple contrary to the others The results, obtained with the proposed global radial basis functions, can be considered very satisfactory. Some improvements could be expected if compactly supported radial basis functions [1] were used, although the computational cost should also be lower since the resulting matrix is sparse.
